In rats with ligated femoral arteries, the exercise pressor reflex is exaggerated, an effect that is attenuated by stimulation of peripheral -opioid receptors on group IV metabosensitive afferents. In contrast, ␦-opioid receptors are expressed mostly on group III mechanosensitive afferents, a finding that prompted us to determine whether stimulation of these opioid receptors could also attenuate the exaggerated exercise pressor reflex in "ligated" rats. We found femoral arterial injection of [D-Pen2,D-Pen5]enkephalin (DPDPE; 1.0 g), a ␦-opioid agonist, significantly attenuated the pressor and cardioaccelerator components of the exercise pressor reflex evoked by hindlimb muscle contraction in both rats with ligated and patent femoral arteries. DPDPE significantly decreased the pressor responses to muscle mechanoreflex activation, evoked by tendon stretch, in ligated rats only. DPDPE (1.0 g) had no effect in either group on the pressor and cardioaccelerator responses to capsaicin (0.2 g), which primarily stimulates group IV afferents. DPDPE (1.0 g) had no effect on the pressor and cardioaccelerator responses to lactic acid (24 mM), which stimulates group III and IV afferents, in rats with patent femoral arteries but significantly decreased the pressor response in ligated rats. Western blots revealed the amount of protein comprising the ␦-opioid receptor was greater in dorsal root ganglia innervating hindlimbs with ligated femoral arteries than in dorsal root ganglia innervating hindlimbs with patent femoral arteries. Our findings support the hypothesis that stimulation of ␦-opioid receptors on group III afferents attenuated the exercise pressor reflex. neural control of the circulation; decerebrate rats; thin-fiber muscle afferents; peripheral artery disease ACTIVATION OF THE EXERCISE pressor reflex by muscle contraction increases arterial pressure, heart rate, and ventilation, effects that function to increase the delivery of blood and oxygen to the working muscles (1, 3, 9, 27, 35, 42) . Group III and group IV fibers with endings in skeletal muscle comprise the afferent arm of the reflex (27). Thinly myelinated group III afferent fibers are predominantly activated by mechanical stimuli arising in contracting muscle, whereas unmyelinated group IV afferents are predominantly activated by metabolic stimuli produced by contracting muscle (12, 23, 24) . Both group III and IV afferents synapse onto dorsal horn cells of the spinal cord, which, in turn, project to neurons in the ventrolateral medulla (18, 19) and the nucleus tractus solitarius (10, 49). These medullary interneurons eventually synapse onto autonomic preganglionic neurons to increase sympathetic outflow to the heart and vasculature as well as decrease parasympathetic outflow to the heart (10, 21). Suprapontine pathways appear to play little, if any, role in the exercise pressor reflex arc (20) .
ACTIVATION OF THE EXERCISE pressor reflex by muscle contraction increases arterial pressure, heart rate, and ventilation, effects that function to increase the delivery of blood and oxygen to the working muscles (1, 3, 9, 27, 35, 42) . Group III and group IV fibers with endings in skeletal muscle comprise the afferent arm of the reflex (27) . Thinly myelinated group III afferent fibers are predominantly activated by mechanical stimuli arising in contracting muscle, whereas unmyelinated group IV afferents are predominantly activated by metabolic stimuli produced by contracting muscle (12, 23, 24) . Both group III and IV afferents synapse onto dorsal horn cells of the spinal cord, which, in turn, project to neurons in the ventrolateral medulla (18, 19) and the nucleus tractus solitarius (10, 49) . These medullary interneurons eventually synapse onto autonomic preganglionic neurons to increase sympathetic outflow to the heart and vasculature as well as decrease parasympathetic outflow to the heart (10, 21) . Suprapontine pathways appear to play little, if any, role in the exercise pressor reflex arc (20) .
We have recently shown that the exercise pressor reflex is exaggerated in a rat preparation that simulates the blood flow patterns to a hindlimb with peripheral artery disease (44) . In this preparation, one of the rat's femoral arteries was tightly ligated distal to the inguinal ligament 72 h before an experiment. Using radiolabeled microspheres, Terjung and colleagues showed that femoral artery ligation reduced blood flow reserve capacity during exercise to ϳ10 -20% of normal; ligation, however, did not impair resting blood flow in cagerestrained rats (37, 52) . Using this preparation, which simulates blood flow patterns to both resting and exercising muscles afflicted with peripheral artery disease, we found that the pressor responses to static contraction of the hindlimb muscles were significantly greater in rats whose femoral artery was ligated 72 h before the start of the experiment than were the pressor responses to contraction in rats whose femoral arteries were freely perfused (44) . We also found that femoral arterial injection of [D-Ala, MePhe 4 , Gly(ol) 5 ]enkephalin (DAMGO), a -opioid agonist, attenuated the exercise pressor reflex in rats with ligated femoral arteries but had no effect on the reflex in rats with patent femoral arteries (45) . Likewise, DAMGO had no effect on the pressor and cardio-accelerator responses to tendon stretch (45) in either ligated or freely perfused rats (45) . Tendon stretch is a pure mechanical stimulus that selectively activates group III afferents (23) . The pressor and cardioaccelerator responses to tendon stretch have been termed the muscle mechanoreflex (43, 50) .
Recently, Scherrer et al. reported that -opioid receptors in mice are expressed on unmyelinated somatic afferent fibers, whereas ␦-opioid receptors are expressed on thinly myelinated somatic afferent fibers (40) . This report prompted us to test the hypothesis that a peripheral ␦-opioid receptor agonist inhibited both the muscle mechanoreflex, which is evoked by tendon stretch (43) , as well as the exercise pressor reflex (9, 27, 30) , which is evoked by contraction. We tested this hypothesis in rats whose femoral arteries were patent and in rats whose femoral arteries were ligated 72 h before the start of the experiment.
METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Hershey Medical Center Pennsylvania State University. Adult male Sprague-Dawley rats (n ϭ 92; average weight was 435 Ϯ 5 g) were used in these experiments. All rats were housed in a temperature-controlled room (24 Ϯ 1°C) with a 12:12-h light-dark cycle and fed a standard diet and tap water ad libitum. In 48 rats, we ligated the left femoral artery 72 h before the experiment. Briefly, rats were anesthetized with isoflurane (2-3%) in 100% oxygen. Under sterile procedure, the left femoral artery was surgically exposed and ligated with suture (5-0 silk) just distal to the inguinal ligament. Rats were then allowed to recover for 72 h. This technique has been shown to reduce blood flow capacity to ϳ10 -20% of normal while having little effect on resting blood flow (37, 52) .
Surgical preparation. On the day of the experiment, rats were anesthetized with isoflurane gas (2-3%) in oxygen. The trachea was cannulated, and their lungs were mechanically ventilated with the gas anesthetic until decerebration was performed. Both carotid arteries and a jugular vein were cannulated (PE-50) to measure arterial blood pressure and to administer drugs and fluids, respectively. Arterial blood gases and pH were measured using an automated blood gas analyzer (ABL 700 Series, Radiometer). PCO 2 and arterial pH were maintained within normal ranges by adjusting ventilation and oxygen or through an intravenous administration of sodium bicarbonate (8.5%). Body temperature was maintained between 36.5 and 38.0°C by an isothermal heating pad and lamp.
In rats in which the left femoral artery was ligated, on the day of the experiment, we inserted a catheter (PE-10) into this artery distal to the suture. In rats in which the femoral artery was patent, on the day of the experiment, we inserted in a retrograde manner a catheter (PE-10) into the right femoral artery. The tip of this catheter was located at the bifurcation of the abdominal aorta. In all rats, including both those whose femoral arteries were ligated and those whose femoral arteries were patent, we placed a reversible snare around the abdominal aorta and inferior vena cava just above where the aorta bifurcates into the iliac arteries. When tightened, the snare directed and maintained the injectate into the circulation of the left hindlimb.
A laminectomy was performed to expose the spinal cord and the lower lumbar roots (L 2-L6). The rats were then secured in a Kopf customized spinal frame by clamps placed on rostral lumbar vertebrae and the pelvis. Using the back skin, we formed a pool, which was filled with warm (37.0°C) mineral oil. The dura was then cut and reflected so that L4 and L5 ventral roots, which innervate the muscles of the hindlimb, could be identified and sectioned. The left calcaneal bone was sectioned, and the triceps surae muscles were isolated.
A precollicular decerebration was performed, and the forebrain was aspirated using the method described previously (42, 44, 45) . To minimize bleeding, small pieces of oxidized regenerated cellulose (Ethicon, Johnson & Johnson) were placed on the internal skull surface, and the cranial cavity was packed with gauze. Immediately after precollicular transection, gas anesthesia was discontinued. After decerebration, the rats were allowed to stabilize for at least 1 h before any experimental protocol was initiated.
Experimental protocols. The cut peripheral ends of ventral roots L4 and L5 were placed on a shielded stimulating electrode. The cut end of the calcaneal tendon was connected to a force transducer (Grass Instruments, FT10), which in turn was attached to a rack-and-pinion. The tendon was stretched so that baseline tension was set between 100 and 200 g. Static contraction of the hindlimb muscles was evoked by electrical stimulation of the cut peripheral ends of the left L4 and L5 ventral roots (one to three times motor threshold, 0.1-ms pulse duration, 40 Hz). In a subset of 17 animals, the muscle mechanoreflex was activated by stretching the triceps surae muscles by manually turning the rack-and-pinion attached to the calcaneal tendon. Both muscle contraction and tendon stretch lasted for 30 s.
We stimulated ␦-opioid receptors by injecting [D-Pen 2,5 ]enkephalin (DPDPE; Tocris, 1.0 g in 0.1 ml of saline) into the arterial supply of the left hindlimb via the arterial catheter (see above). Before injection, the snare was tightened to trap the injectate within the circulation of the left hindlimb. After DPDPE had been trapped for 5 min, the snare was released, and the muscles were freely perfused for 10 min before we again initiated contraction or calcaneal tendon stretch. In four rats whose left femoral artery had been ligated for 72 h, the highly selective ␦-opioid receptor antagonist naltrindole (100 g, Tocris) was injected with DPDPE (1.0 g) into the arterial supply of the left hindlimb via the femoral arterial catheter. In these rats, the snare was tightened to trap the drugs in the circulation of the contracted limb for 5 min, after which the hindlimb was allowed to reperfuse for 10 min before static contraction was performed. In these experiments, we found that the combined injection of naltrindole and DPDPE appeared to reduce the ability of the hindlimb muscles to develop tension when the ventral roots were stimulated (see Fig. 6 ).
This finding caused us to change our approach when attempting to determine whether blockade of ␦-opioid receptors with naltrindole had an effect on the exercise pressor reflex. Consequently, to determine the effect of ␦-opioid receptor blockade on the exercise pressor reflex, we injected naltrindole (200 g) into a carotid arterial catheter whose tip was placed in the abdominal aorta 1 mm above its bifurcation into the iliac arteries. Just before injection, we clamped the right iliac artery and vein so that the injectate was directed to the left hindlimb. This experiment was performed in five rats with ligated left femoral arteries and in four rats with patent femoral arteries. For unknown reasons, injection of 200 g of naltrindole into the abdominal aorta had no effect on the ability of the hindlimb muscles to develop tension when the ventral roots were stimulated.
In five freely perfused and five ligated rats, 1.0 g of DPDPE was injected into the jugular vein to test whether our data with the femoral arterial injection of DPDPE could be explained by its circulation to the spinal cord. Static hindlimb contraction was evoked 15 min after the intravenous injection of DPDPE.
In 21 rats not used in the above experiments, we measured the cardiovascular responses to hindlimb intra-arterial injections of lactic acid (24 mM; 0.4 ml; Sigma-Aldrich) and capsaicin (0.2 g in 0.1 ml of saline; Sigma-Aldrich) both before and after intra-arterial injection of DPDPE (1.0 g). Lactic acid stimulates both group III and IV afferents (39, 41) , whereas capsaicin stimulates mostly group IV afferents (23) .
At the end of the experiment, in 10 rats whose femoral arteries were ligated and in 8 whose femoral arteries were patent, we injected Evan's blue dye into the femoral circulation of the left hindlimb. The rats were randomly selected, and the injection catheter was the same one that was used to inject DPDPE. In three randomly selected rats with ligated femoral arteries, we also injected Evan's blue dye into the carotid catheter whose tip was advanced to the abdominal aorta near its bifurcation into the iliac arteries. In every case, regardless of whether the dye was injected into a femoral artery or into the abdominal aorta, the triceps surae muscles were stained blue, verifying that DPDPE or naltrindole had access to these muscles.
Western blots. In 11 rats, we ligated the femoral artery as described above. The rats were then killed 72 h afterward, and the L 4 and L5 dorsal root ganglia (DRG) from the freely perfused and ligated sides were dissected in ice-cold Hanks' balanced salt solution. A total of 22 samples were collected (11 freely perfused and 11 ligated, each containing the L4 and L5 DRG). After removal, the DRG tissue was quickly frozen and stored at Ϫ80°C until protein samples were processed with the Nucleospin RNA/protein kit (Macherey-Nagel) according to the manufacturer's instructions. Protein concentration for each sample was determined with the Qubit 2.0 Fluorometer (Life Technologies, Grand Island, NY). Electrophoresis of the protein samples (25 g/lane) was performed on NuPAGE 10% Bis-Tris precast gels (Life Technologies), employing 90 V for 110 min at 4°C. The protein was next transferred onto PVDF membranes (0.2-m pore) for 95 min with 30 V at room temperature. The membranes were blocked for 60 min at room temperature in Tris-buffered saline-Tween 20 (TBS-T) supplemented with 7% milk. After the blocking period, the membranes were incubated with the anti-␦-opioid receptor (1:500) rabbit polyclonal antibody (catalog no. AB1560, EMD Millipore) for 60 min at room temperature. The membranes were rinsed and then incubated with horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:5,000; GE Healthcare) for 60 min at room temperature. Following the rinse of the membranes, the proteins were visualized with the enhanced chemiluminescent reagent, SuperSignal West Femto (Thermo Scientific). The images were acquired with the ChemiDoc-It imaging system (UVP) equipped with a charge-coupled device camera. To normalize for protein loading, the membranes were stripped with the Restore Western Blot Stripping Buffer (Thermo Scientific) for 5 min at room temperature and retested with anti-actin (1:2,500) mouse monoclonal antibody (Abcam). The ␦-opioid receptor and actin bands were quantified with the VisionWorksLS software (UVP).
Data analysis. In all experiments, baseline as well as reflex changes in mean arterial pressure (MAP), heart rate (HR), and developed tension were recorded continuously with a Spike 2 data acquisition system (CED, Cambridge) and stored on a computer hard drive (Dell). The initial 30 s before stimuli were taken as baseline to compare peak responses to experimental maneuvers. MAP is expressed in millimeters mercury (mmHg) and HR is in beats per minute (beats/min). The tension-time index (TTI) was calculated by integrating the area between the tension trace and the baseline level and is expressed in gram seconds (g·s).
All values are expressed as means Ϯ SE. Statistical comparisons were performed with two-way repeated-measures ANOVA. If the overall F value was significant, post hoc tests were performed with the Scheffe's test between individual means. The criterion for statistical significance was set as P Ͻ 0.05.
RESULTS
Exercise pressor reflex and ␦-opioid receptors. As previously reported (44, 45) , the pressor and cardioaccelerator responses to static contraction of the hindlimb muscles were significantly greater in rats whose femoral arteries were ligated 72 h before the experiment than in rats whose femoral arteries were patent (P ϭ 0.03; Fig. 1 ). In most instances (n ϭ 12), DPDPE (1.0 g), injected into the femoral artery, had no significant effect on either baseline MAP or HR in either group of rats (Table 1 ). In the four instances where DPDPE did decrease either baseline, the magnitude of the effect was not large and the baseline value remained well within the normal range (Table 1) .
In rats with patent femoral arteries as well as in rats with ligated femoral arteries, DPDPE (1.0 g) significantly decreased the pressor and cardio-accelerator responses to static contraction. Specifically, in rats with patent arteries, DPDPE significantly decreased the pressor response to static contraction from 18 Ϯ 2 to 9 Ϯ 2 mmHg (P Ͻ 0.05; n ϭ 7). Likewise, DPDPE significantly decreased the cardio-accelerator response to contraction from 9 Ϯ 2 to 2 Ϯ 1 beats/min (P Ͻ 0.05; n ϭ 7). In the rats with ligated femoral arteries, DPDPE significantly decreased the pressor response to contraction from 27 Ϯ 4 to 10 Ϯ 3 mmHg (P Ͻ 0.05; n ϭ 7). Likewise, DPDPE significantly decreased the cardio-accelerator response from 20 Ϯ 4 to 6 Ϯ 3 beats/min (P Ͻ 0.05; n ϭ 7). Peak tension development and TTIs during static contraction did not differ significantly between groups both before and after the ␦-opioid receptor agonist was injected (Fig. 1) .
Muscle mechanoreceptor reflex and ␦-opioid receptors. DPDPE (1.0 g), injected into the femoral artery, decreased the pressor response to calcaneal tendon stretch in rats with patent arteries from 18 Ϯ 4 to 10 Ϯ 5 mmHg (P Ͻ 0.05; n ϭ 11); likewise in rats with ligated arteries, DPDPE significantly decreased the pressor response to tendon stretch from 24 Ϯ 6 to 16 Ϯ 6 mmHg (P Ͻ 0.05; n ϭ 11). DPDPE did not attenuate the cardio-accelerator responses to tendon stretch in either group of rats. Although the pressor response to tendon stretch in rats with ligated femoral arteries tended to be larger than the pressor response to stretch in rats with patent arteries, the difference was not significant (P ϭ 0.19). TTIs during tendon stretch were not significantly different before and after injection of DPDPE (Fig. 2) .
Muscle chemoreflex and ␦-opioid receptors. In rats not used in the experiments described above, we measured the pressor and cardioaccelerator responses to femoral artery injection of lactic acid (24 mM; 0.4 ml) and capsaicin (0.2 g in 0.1 ml) both before and after femoral artery injection of DPDPE (1.0 g). In both rats with patent femoral arteries (n ϭ 8) and in rats with ligated femoral arteries (n ϭ 11), DPDPE had no effect on the pressor and cardioaccelerator responses to capsaicin injections (Fig. 3) . DPDPE also had no effect on the pressor and cardioaccelerator responses to lactic acid injection in rats with patent arteries (Fig. 4; n ϭ 8) . However, DPDPE significantly decreased the pressor responses to lactic acid injections in the rats with ligated femoral arteries (from 35 Ϯ 6 to 26 Ϯ 6 mmHg; P Ͻ 0.05; n ϭ 10; Fig. 4) . Control experiments. Intravenous injection of DPDPE (1.0 ug) in five rats with patent and in five rats with ligated femoral arteries had no effect on either the pressor or the cardioaccelerator responses to static contraction (P Ͼ 0.05; Fig. 5 ). TTIs were not affected by intravenous injection of DPDPE. Finally, co-administration of the selective ␦-opioid receptor antagonist naltrindole (100 g) with DPDPE (1.0 ug) into the femoral artery prevented the attenuating effect of DPDPE on the pressor and cardioaccelerator responses to static contraction in rats with ligated femoral arteries (P Ͻ 0.05; n ϭ 4; Fig. 6 ). Naltrindole alone (200 g), injected into the abdominal aorta, had no effect on the pressor responses to contraction in either rats with ligated femoral arteries (n ϭ 5) or rats with patent femoral arteries (n ϭ 4; Fig. 7) . Likewise, naltrindole (200 g), injected into the abdominal aorta, had no effect on the pressor response to tendon stretch in either rats with ligated femoral arteries (n ϭ 4) or rats with patent femoral arteries (n ϭ 4; Fig. 7) .
Western blots. Binding of the respective antibodies to the ␦-opioid receptor and actin were measured as pixel densities and then calculated as a ratio with the former as the numerator and the latter as the denominator. In protein extracted from the L 4 and L 5 DRGs innervating the hindlimbs whose femoral arteries were ligated, the ratio averaged 3.66 Ϯ 0.92, whereas, in protein extracted from the dorsal root ganglia innervating the hindlimbs whose femoral arteries were patent, the ratio averaged 2.10 Ϯ 0.34 (P ϭ 0.04; n ϭ 11; Fig. 8 ).
DISCUSSION
The primary purpose of our experiments was to determine whether stimulation of ␦-opioid receptors on the peripheral endings of thin-fiber muscle afferents attenuated the exercise pressor reflex in decerebrated, unanesthetized rats. We found that stimulating these receptors with DPDPE, a ␦-opioid agonist, attenuated the pressor and cardioaccelerator components of the exercise pressor reflex in both rats with patent femoral arteries as well as in rats with ligated femoral arteries. The attenuation of the reflex by DPDPE with the dose used in our experiments was not caused by its circulation to the central endings of thin-fiber muscle afferents synapsing in the dorsal horn of the spinal cord (5) because intravenous injection of DPDPE had no effect on the exercise pressor reflex. In addition, the attenuating effect of DPDPE on the pressor and cardio-accelerator components of the exercise pressor reflex Values are means Ϯ SE. MAP, mean arterial blood pressure; HR, heart rate. *Significant difference (P Ͻ 0.05) between corresponding values before and after injection of DPDPE.
was prevented by naltrindole, a highly selective ␦-opioid receptor antagonist (36) .
The secondary purpose of our experiments was to provide clues about which afferent population was responsible for the DPDPE-induced attenuation of the exercise pressor reflex. We used three stimuli known to activate specific populations of thin-fiber afferents. The first stimulus was tendon stretch, which is known to stimulate group III mechanoreceptors but not group IV metaboreceptors (23, 24) . DPDPE, in our experiments, attenuated the pressor responses to stretch in rats with ligated femoral arteries but had no effect on the pressor responses to stretch in rats with freely perfused arteries. The second stimulus was lactic acid, an ASIC3 agonist that stimulates both group III and group IV afferents (17, 39, 41) . DPDPE attenuated the pressor responses to injection of lactic acid in rats with ligated femoral arteries but had no effect on the pressor responses to lactic acid in rats with patent femoral arteries. The third stimulus was capsaicin, a TRPV1 agonist (8) that stimulates mostly group IV afferents (22, 23) . DPDPE had no effect on the pressor responses to injection of capsaicin in either rats with ligated femoral arteries or rats with patent femoral arteries. Our findings, when considered together, suggest that DPDPE decreased the excitability of group III afferents to attenuate the exercise pressor reflex in the rats with ligated femoral arteries and perhaps in the rats with patent femoral arteries.
The information obtained from our Western blots allows us to speculate as to why DPDPE did not significantly attenuate the pressor and cardioaccelerator responses to tendon stretch in the rats with patent arteries. We found that ligating the femoral artery for 72 h significantly increased the amount of protein comprising the ␦-opioid receptor in the dorsal root ganglia innervating the hindlimbs. This increase in ␦-opioid receptors in the thin-fiber afferents innervating the hindlimb muscles of rats with ligated femoral arteries might have been necessary to reach the threshold level required to decrease afferent excitability to tendon stretch, a stimulus that excites an overlapping but different population of group III mechanoreceptors than does contraction (15) . This speculation might also apply to the inability of DPDPE to attenuate the pressor and cardioaccelerator responses to lactic acid injection in the rats with freely perfused hindlimbs.
Previously, we found that stimulation of -opioid receptors on group III and IV muscle afferents attenuated the exercise pressor reflex in rats with ligated femoral arteries. We also found that stimulating -opioid receptors had no effect on the muscle mechanoreceptor reflex, which is evoked by tendon stretch. These findings led us to speculate that the -opioid receptor agonist attenuated the exercise pressor reflex in ligated rats by decreasing the excitability of group IV afferents (45). Our speculation was consistent with the findings of Scherrer et al. (40) , who reported that murine -opioid receptors were concentrated on the peptide containing cell bodies of dorsal root ganglia neurons with unmyelinated axons. Scherrer et al. ␦-opioid receptors increased the mechanical pain threshold in mice but had no effect on their response to noxious heat (40), a stimulus that is transduced at least in part by TRPV1 receptors that, in turn, are found on group IV afferents. Based on these findings and our present data, we hypothesize that DPDPE stimulated ␦-opioid receptors located predominantly on group III mechanically sensitive muscle afferents (23) . This hypothesis is supported by our findings showing that DPDPE had no effect on the pressor and cardio-accelerator responses to the TRPV1 agonist capsaicin in either group of rats. We conclude, therefore, that the ␦-opioid agonist did not exert its effect on the exercise pressor reflex by decreasing the excitability of group IV muscle afferents.
Our finding that DPDPE, a ␦-opioid agonist, attenuated the muscle mechanoreflex in rats with ligated femoral arteries but had no effect on the capsaicin-induced muscle chemoreflex is consistent with the conclusion by Scherrer et al. (40) that -opioid receptors are found on unmyelinated somatic afferents, whereas ␦-opioid receptors are found on thinly myelinated somatic afferents. Likewise, our finding that DPDPE attenuated the exercise pressor reflex in rats with freely perfused hindlimb muscles is consistent with the finding by Scherrer et al. (40) that ␦-opioid receptors are present in the plasma membrane of the neuron and do not have to be transported to the plasma membrane by -opioid receptors. Nevertheless, both concepts are controversial. For example, previous reports indicated that the two opioid receptors were coexpressed on the same nociceptive neuron (4, 47) . In addition, -opioid receptors are hypothesized to regulate the sur- ) and naltrindole (100 g) had no effect on the peak pressor and cardioaccelerator responses to contraction in four ligated rats. The TTI did not differ before (B) and after combined naltrindole ϩ DPDPE injection.
face density of the ␦-opioid receptor by transporting them to the plasma membrane where they can be accessed by ␦-opioid receptor agonists (14, 25, 29, 46) . Support for the latter hypothesis comes from studies showing that ␦-opioid receptor agonists were not effective analgesics in -opioid receptor knockout mice (13, 32, 33) . Furthermore, morphine pretreatment is thought to cause the recruitment of ␦-opioid receptors to neuronal plasma membranes in the dorsal horn of the rodent spinal cord (7, 31) . The primary source of opioid peptides in the periphery is leukocytes, which migrate toward inflamed or damaged tissue. Leukocytes can be stimulated to release opioid peptides by norepinephrine, interleukin-1␤, and corticotrophin releasing factor (26) . Opioid peptides, in turn, bind to inhibitory G-protein-coupled receptors on the peripheral endings of thin-fiber afferents, thereby attenuating their excitability. We found in both rats whose femoral arteries were freely perfused and rats whose femoral arteries were ligated that neither the exercise pressor reflex nor the muscle mechanoreceptor reflex was increased by naltrindole, a ␦-opioid receptor antagonist. The simplest interpretation of our findings is that neither contraction nor tendon stretch caused leukocytes to release peptides that stimulated ␦-opioid receptors on thin-fiber muscle afferents. Nevertheless, this conclusion must be tempered by the specific circumstances of our experiments. For example, we do not know whether a ligation period of more than 3 days would g), injected into the abdominal aorta, had no effect on the peak pressor responses to both static contraction (A) and tendon stretch (B) in either freely perfused or ligated rats. Naltrindole slightly but significantly (P Ͻ 0.05) attenuated the cardioaccelerator response to contraction in the freely perfused but not in the ligated rats (A). TTI for both contraction and tendon stretch were not altered by naltrindole. Horizontal brackets connect means that were significantly different from each other (P Ͻ 0.05). B signifies the response before naltrindole injection; N signifies the response after naltrindole injection.
have resulted in the migration of leukocytes to the hindlimb muscles undergoing contraction.
Femoral artery ligation in our experiments increased the amount of protein comprising the ␦-opioid receptor in the L 4 and L 5 dorsal root ganglia. One possible stimulus for this increase is inflammation, which when induced by hindpaw injection of Complete Freund Adjuvant increased ␦-opioid receptor mRNA and protein levels in the dorsal root ganglia of rats (6, 38, 48) . In our experiments, the rats were restrained in cages and, as a consequence, had limited opportunity to exercise. At rest, hindlimb blood flow to the limb with a ligated femoral artery meets metabolic demand, although during hindlimb contraction blood flow capacity is reduced to ϳ10 -20% of normal (37) . Consequently, a mismatch between blood supply and demand in cage-restrained rats whose capacity to exercise was limited would probably not be a major stimulus to increase the protein comprising the ␦-opioid receptor in dorsal root ganglia. Despite this reservation, we cannot exclude the possibility that some inflammatory process induced by femoral artery ligation increased the protein comprising the ␦-opioid receptor in our experiments. Nevertheless, the nature of this stimulus remains to be discovered; it should be noted that femoral artery ligation also increases the protein levels comprising the TRPV1 and ASIC3 receptor in the dorsal root ganglia of rats (11, 51) .
Our study has three limitations, each of which need to be considered. The first limitation concerns our use of stretch to selectively stimulate group III afferents, which are well known to be mechanically sensitive (23) . In cats, only about half of the group III mechanoreceptors that responded to stretch also responded to static contraction (15) . Consequently, tendon stretch, although an effective mechanical stimulus to some group III muscle afferents, cannot be used to recruit the same population of group III afferents as does static contraction. Despite this limitation, our finding showing that DPDPE attenuated the cardiovascular responses to passive stretch lends support to our conclusion that DPDPE's site of action was on ␦-opioid receptors located on group III afferent fibers. The second limitation concerns the selectivity of DPDPE, which can activate -opioid receptors at high doses (34) . We minimized this concern by showing that the attenuating effect of the dose of DPDPE (1.0 g) used in our experiments was prevented by its co-injection with naltrindole, a highly selective ␦-opioid receptor antagonist (36) . The third and final limitation is that the distribution of ␦-opioid receptors in both the dorsal root ganglion and the dorsal horn of the spinal cord differ between rodents and primates (28) , findings that establish a need for further experiments before the applicability of our findings in rats can be translated to humans.
In conclusion, opioids are widely believed to exert their attenuating effects on the cardiovascular responses to exercise on receptors in the spinal cord and brain stem (2, 16) . Although there is no doubt that this is the case, opioids are also capable of exerting their attenuating effects on the peripheral endings of group IV muscle afferents (45) . In this study, we have shown that stimulation of the peripheral endings of thin-fiber muscle afferents with DPDPE, a ␦-opioid receptor agonist, attenuated the exercise pressor reflex in rats whose femoral arteries were patent and in rats whose femoral arteries were ligated 72 h before the start of the experiment. DPDPE attenuated the cardiovascular responses to passive stretch and to femoral artery injection of lactic acid, maneuvers that stimulate group III afferent fibers, in rats whose femoral arteries were ligated. Our findings are consistent with the hypothesis that ␦-opioid receptors are located on group III afferents (40) and that ligation of the femoral artery increases ␦-opioid receptors in the dorsal root ganglia, innervating the hindlimb with the compromised blood supply.
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